A major trend in wind energy is the development of larger wind turbines for offshore wind farms. Since access to offshore wind turbines is diffi cult and costly, it is of great importance that they operate safely and reliable. The wind turbine rotor blades, which are the largest rotating component of a wind turbine, are designed for an expected lifetime of 20 years. During this period of time, the blades will be subjected to varying loads. Large wind turbine blades are made of composite materials and can develop a number of interacting failure modes. High structural reliability can be achieved by designing the blades against the development of these failure modes. This chapter provides an overview of experimental and modeling tools for the design of wind turbine blades, with particular emphasis on evolution and interaction of various failure modes. This involves knowledge of materials, testing methods and structural design.
Introduction
Structural design of wind turbine blades for horizontal axis wind turbines is a complicated process that requires know-how of materials, modeling and testing methods. A wind turbine blade must be designed against undesired aero-elastic phenomena and failures for a great variety of aerodynamic load cases and environmental conditions. Thus, the design process involves a number of different areas, such as knowledge of the external loads originating from wind and gravity and knowledge of the performance, the strength and the endurance of the full structure and of the basic materials used. The goal of the design process is to ensure that the wind turbine blade will function safely for its design life. The design lifetime of modern wind turbines is normally thought to be 20 years, and the corresponding number of rotations (blade-tower passings) is of the order 10 8 to 10 9 , which is approximately two orders of magnitude higher than the load cycles experienced by composite materials used in other highly loaded structural applications such as helicopter blades.
The main trends in the development of wind turbine blades are towards longer and optimized blades; this is particularly the case for offshore wind turbines. The weight of a large wind turbine blade also increases the loads on the rotor input shaft and bearings as well as the wind turbine tower and mechanisms used to control yaw and pitch of the blades. Weight savings is therefore of great importance, and signifi cant efforts are devoted by wind turbine companies in the selection of materials. To ensure that the blades can meet the required design life, the materials must have high stiffness, be fatigue resistant, and be damage tolerant.
As for other low-weight-driven designs, the material considerations thus involve the specifi c stiffness (i.e. the stiffness divided by density), specifi c strength (strength divided by density) and specifi c fatigue limit (fatigue limit stress divided by density).
This chapter provides an overview of the interconnection between the blade design process, material properties, materials testing and sub-component testing and full-scale blade testing. As shown in Fig. 1 , the design of modern wind turbine blades involves an understanding of material behavior and failure modes at many length scales. This design process requires close collaboration between engineers involved in modeling of aerodynamic loads, structural analysis and composite materials and technicians responsible for the manufacturing process, quality control and on-site inspection and monitoring of blades. This chapter starts with a review of manufacturing processing (Section 2), followed by a description of fullscale blade testing including some results for blades tested to failure (Section 3) that leads to a classifi cation of common failure modes (Section 4). The material properties that control the development of the various failure modes are presented in Section 5. Section 6 describes experimental methods for determination of these properties. Various examples of the use of the modern design methods that make use of these strength-controlling material properties are given in Section 7. Finally, Section 8 contains a discussion and closure.
in bending fl apwise. The second load source is the gravity varying edgewise from tension/compression in leading edge and compression/tension in trailing edge. This is the main reason for the edgewise fatigue bending of the blade. Finally, the blades are exposed to centrifugal forces during the rotation. However, these longitudinal loads are relatively low and often not taken into account in the design. Furthermore, the design loads are divided into static loads and cyclic loads. International design recommendations (e.g. IEC 61400-1 [ 1 ]) specify both types of loads. Moreover, the blades will be subjected to a wide range of environmental conditions.
Blade construction
Modern wind turbine blades are structurally advanced constructions utilizing composite laminates, sandwich core materials, gelcoat fi lms and adhesive joints. structures behave at various length scales, ranging from the molecular scale (e.g. interfacial adhesion in adhesive joints) to the blade scale (e.g. the dynamic coupling of the blade and tower). Changes made at any length scale will affect the blade reliability. For instance, an increase in the bond strength of the fi ber/matrix interface will increase the materials strength at the lamina scale, potentially leading to an increase in the overall blade strength.
Although there are a variety of wind turbine designs (refl ecting different manufacturing processes, material selection and design philosophy), the functionality of wind turbine blades from a structural viewpoint can be understood by considering the blade as a load-carrying beam (spar) enclosed by a shell. The primary purpose of the shell is to give the blade an aerodynamic shape, creating the aerodynamic forces that make the wind turbine blade to rotate and thus extracts energy from the wind to make electrical power. The aerodynamic forces are transmitted to the wind turbine hub through a load-carrying beam within the blade. The load-carrying beam can be made as a box girder, sometimes called the main spar, or as laminates in the aeroshell supported by webs. Figure 2 shows a sketch of the cross section of a typical wind turbine blade. Steel bolts are present at the root, where the blade is to be attached to the hub of a wind turbine. Most blade manufacturing techniques involves making the blades in several parts that are eventually joined by adhesive bonds. Figure 3 shows two common design approaches. The one design involves the use of load-carrying laminates in the aeroshells and webs for providing shear stiffness and buckling resistance. The other design constitutes of two aeroshells bonded to a load-carrying box girder. Sandwich structures are used extensively in the aeroshells and are also often used in the webs (or correspondingly, in the sides of the box girder). 
Materials
Materials used for wind turbine blades must be low density and possess high strength, fatigue resistance and damage tolerance. Large parts of the blades are made of composite materials, i.e. materials that consist of more constituents, e.g. long aligned fi bers embedded in a continuous phase called the matrix material. The shells that defi ne the aerodynamic blade profi le are typically constructed using polymer matrix composites (PMCs) (e.g. glass fi ber reinforced polyester) and sandwich structures consisting of PMC face sheets and lightweight closed-cell polymer foam or end-grain balsa wood cores. The box girder is constructed using glass fi ber composites or carbon fi ber composites.
Concerning fi bers , the majority of large turbine blades use E-glass laminates for the aeroshells. Because blade mass is a critical design consideration, more expensive carbon fi ber composites are also being increasingly utilized. In addition to much lower density (a factor of 2/3 lower than glass fi bers), carbon fi bers offer several advantages for blade applications, including a much higher elastic modulus, strength and fatigue life. Carbon fi ber laminates and hybrid carbon/glass fi ber laminates are currently being utilized by some blade manufacturers. For the aeroshell, carbon fi bers can be used for selective reinforcement but offer great potential for innovative blade designs. Although carbon fi bers have attractive modulus, density Figure 3 : Two common design concepts of wind turbine blades manufactured as two half-shells joined by adhesive bonds: (a) integrating the load-carrying laminates in the aeroshell, which is supported by shear webs, and (b) use of a box girder which is glued to the inside of the aeroshells.
and strength, there are some drawbacks beyond higher cost. The compressive strength can be lower than that of glass fi ber composites. In addition, the compressive strength of carbon fi ber composites is very sensitive to the presence of manufacturing-related defects such as fi ber misalignment and fi ber waviness [3] [4] [5] . For certain regions of the blade, such as the aeroshell and internal sandwich structures, wood or other natural materials which typically have a much lower density than glass fi ber composites can be used. For example, Vestas UK utilizes birch wood which is laminated with carbon fi bers to produce the aeroshell of large (40 m and longer) wind turbine blades. Because of their low mass, these blades can be produced in thinner profi les which further reduce rotating mass. Other materials, including bamboo are also being developed as green alternatives for use in wind turbine aeroshells and for sandwich structures within the blade [ 6 ] . The composite matrix is also an important consideration for wind turbine blades. Currently, polyester is the most common choice as the matrix for glass fi ber laminates, but epoxy resins and vinylester are also used because of their superior mechanical properties. Each matrix material has a set of cost, manufacturing and mechanical behavior tradeoffs that must be considered. For example, in comparison with vinylester, the use of epoxy resins can increase the compressive strength of glass fi ber laminates by as much as 10-15%. For carbon fi ber composites, epoxy is the most common matrix material. Current research efforts are aimed at the development of matrix materials with improved toughness, cure profi les and the development of improved low-viscosity infusion grades for permeating thick fi ber stacks. From an environmental viewpoint, the use of thermosetting polymers like polyester and epoxy poses many problems and additional attention is being given to the use of thermoplastics such as polybutylene teraphthalate (PBT). A key environmental advantage of thermoplastics is their potential to be recycled at the end of the turbine life cycle.
Since most wind turbine blades are bonded together, the adhesives used to join blade segments will have a direct infl uence on the reliability of the blade. The adhesives utilized in blades are primarily epoxy, polyurethane and methacrylatebased adhesives. The quality and mechanical properties (e.g. strength, creep, defect tolerance) of blade adhesives are critical since they are used to bond very large areas of the blade aeroshells and box girder and are subjected to complex cyclic loading histories. Moreover, adhesives must maintain adequate bond strength over a wide range of environmental conditions. As discussed later, the defect tolerance and fracture resistance of adhesive joints is determined through fracture mechanics mechanics-based testing.
As noted earlier, sandwich structures are widely used in the blade aeroshell and shear webs in some spar designs. The core material is low-density materials, primarily balsa wood and polymer foams.
Finally, the surface of wind turbine blades are painted with gelcoats to protect the composite materials from damage originating from UV-radiation and to limit the environmental exposure to the blade, e.g. humidity which may change (decrease) the mechanical properties of the composite materials. The gelcoats should maintain their adhesion to the underlying surface despite large changes in humidity and temperature and should be suffi ciently wear resistant to last for 20 years.
Processing methods
Wind turbine blades can be manufactured using procedures similar to that used for composite aircraft structures and composite boat hulls; namely lamination by the use of pre-pregs, hand lay-up and vacuum assisted resin transfer molding.
Both the manufacturing approaches shown in Fig. 3 involve the manufacturing of the aeroshells as the fi rst step. Since the aeroshells do not carry much load themselves, they are primarily made of lightweight sandwich structures. The fi bers (or pre-pregs) and sandwich materials are usually placed by hand in an open mould. The mould is closed before curing, so that fumes can be removed during the processing. Next, in the second step, the moulds are opened and the webs or box girder is placed in between the aeroshells. In the third step, the moulds with the two half-shells are closed and the two half-shells and webs (or box girder) are bonded together. Such processing methods have several advantages. First, the quality of the aeroshells and webs (or box girder) can be controlled before the fi nal assemblage. Secondly, the adhesive layers allow a relatively large dimensional tolerance, as the adhesive layer thickness can range from a millimeter to several centimeters. This is particularly useful with increasing sizes of the blade components.
Testing of wind turbine blades

Purpose
Full-scale testing ( Fig. 4 ) is mandatory for certifi cation of large wind turbine blades. The basic purpose of these blade tests is to demonstrate that the blade type has the prescribed reliability with reference to specifi c limit states with a reasonable level of certainty. According to Det Norske Veritas (DNV) [ 7 ] , a limit state is a defi ned as a state beyond which the structure no longer satisfi es the requirements. The following categories of limit states are of relevance for structures: ultimate limit state (ULS), fatigue limit state (FLS), and serviceability limit state (SLS). The blade should be manufactured according to a certain set of specifi cations in order to ensure that the test blade is representative of the whole series of blades. In other words, the purpose of the blade tests is to verify that the specifi ed limit states are not reached and that the type of blade possesses the projected strength and lifetime.
Normally, the full-scale tests used for certifi cation are performed on a very limited number of samples; only one or two blades of a given design are tested so that no statistical distribution of production blade strength can be obtained. Therefore, although the tests do give information valid for the blade type, they cannot replace either a rigorous design process or the use of a quality control system for blade production.
www.witpress.com, ISSN 1755-8336 (on-line) Additionally, tests can be used to determine blade properties in order to validate some vital design assumptions used as inputs for the design load calculations. Finally, full-scale tests give valuable information to the designers on how the structure behaves in the test situation and which structural details that are important and should be included in the structural models for design. Especially, valuable information is obtained if the blade is tested to failure.
Certifi cation tests (static and cyclic)
According to DNV [ 7 ] , it is required that the test program for a blade type shall be composed of at least the following tests in this order:
Mass, centre of gravity, stiffness distribution and natural frequencies All tests should be done in fl apwise direction towards both the downwind (suction) and upwind (pressure) sides and in edgewise directions towards both the leading and trailing edges. If it is important for the design, also a torsion test is needed in order to determine the torsional stiffness distribution. The tests are undertaken to obtain two separate types of information. One set of information relates to the blade's ability to resist the loads that the blade has been designed for. The second set of information relates to blade properties, strains and defl ections arising from the applied loads. All tests in a given direction and in a given area of a blade shall be performed on the same blade part. The fl ap-and edgewise sequence of testing may be performed on two separate blades. However, if an area of the blade is critical due to the combination of fl ap-and edgewise loading, then the entire test sequence shall be performed on one blade.
Examples of full-scale tests used to determine deformation and failure modes
In the following, the focus is on the ultimate strength of the rotor blades. Results and fi ndings from recent full-scale tests to failure are studied.
A 25 m blade was tested to failure in three sections in the study by Sørensen et al . [ 2 ] . The blade was loaded in the fl apwise direction. The purpose of the test was to gain detailed information about failure mechanisms in a wind turbine blade especially with focus on failures in the compression side (downwind side) of the blade. Prior to the tests the blade was inspected by ultrasonic scanning to get an overview if any imperfections and damages were present already before starting the test. The supports and loading of the blade was changed during the test such that it was possible to use the same blade in three tests, i.e. having independent failures in three different sections of the blade. During each of the tests the behavior of the blade was recorded by means of video and photos, strain gauges, acoustic emission and defl ection sensors. Two different types of defl ection sensors were mounted on the blade, one giving the total defl ection of the blade and another giving skin and main spar displacements, locally. The identifi ed failure modes are presented in the next section (Section 4).
In a study by Jensen et al . [ 8 ] , results from a full-scale test of a 34 m blade were compared with fi nite element (FE) analysis. The blade was loaded to catastrophic failure. Measurements supported by FE results show that detachment (delamination) of the outer skin from the box girder was the initial failure mechanism followed by delamination of the load-carrying laminate, leading to collapse. material-related damage modes can develop in a blade. In some instances, these damage modes can lead to blade failure or require blade repair or replacement.
It is useful to defi ne a few key concepts. The term failure is used here as a broad term covering various processes that creates damage or cracking. Blade failure indicates the critical state where the wind turbine blade loses its loadcarrying capability. Failure mode describes classifi cation of the macroscopic types of failure which can occur. Defi ne damage as non-reversible processes that occur as distributed phenomena (e.g. multiple matrix cracking or fi ber failure). Damage modes is the term used to characterize specifi c types of damage at the material scale. Fracture indicates damage in the form of macroscopic cracks. Fracture modes indicate specifi c types of cracking (e.g. cracks between different plies or cracks along interfaces between different materials). Crack initiation is defi ned as the process of the formation of a sharp crack from a pre-existing fl aw. The precise occurrence of crack initiation depends on microstructural details, such as the size and distribution of porosity or other defects and the fracture resistance of interfaces; all of these depend on the materials and processing methods used. Crack propagation concerns the growth of sharp crack. Depending upon the crack size and load level, a crack may extend in a stable manner (i.e. in small increments), or stop (crack arrest) or rapidly (unstable).
The load-carrying laminates in the blade aeroshell and box girder are made of composite materials and adhesive joints that are damage tolerant. Damage tolerant behavior implies that the fi rst mode of damage does not lead directly to failure, but propagates in a stable manner and gives detectable changes so that the damage can be detected before it reaches a critical size where it leads to failure. Therefore, failure of wind turbine blades does not occur as a direct result of crack initiation along an interface or by progressive damage to the fi bers and matrix. Rather, global failure of a wind turbine blade involves the progression of several damage mechanisms that can act in series or in parallel. This hierarchical failure evolution can be thought into the blade design, creating a damage tolerant design. For example, interface debonding along an adhesive joint can cause a detectable reduction in structural stiffness while the redistribution of stresses causes corresponding higher cyclic strain amplitudes in the blade or the initiation of cracks in laminates or sandwich structures in the vicinity of the debond. However, global blade failure will not occur until a damage type (typically a crack) reaches a critical size leading to unstable fracture.
Identifi ed blade failure modes
A considerable amount of knowledge is required to assess how damage develops in a wind turbine blade and to design a blade against failure using analytical or numerical methods. Therefore, in order to validate the design, and to provide insight into possible damage modes and their severity, blades are sometimes tested to failure by full-scale testing. Figure 5 shows sketches of the failure modes ( summarized in Table 1 ) found in a wind turbine blade tested to failure [ 2 ] .
The consequences of the various damage and failure modes listed in Table 1 are widely different. For instance, cracking of the gelcoat fi lm is not as severe as Figure 5 : Sketches of observed failure modes in a wind turbine blade purposely tested to failure [ 2 ] ; damages in the aeroshell (top) and box girder (below). tensile failure (fi ber fracture) in a laminate. When the gelcoat cracks, the laminate loses its protection against environmental exposure -which can lead to laminate damage over a long time. In contrast, tensile failure in the form of fi ber fractures decreases the stiffness and residual strength of the load-carrying laminates -this can lead to rapid failure within a short period of time. Models and criteria for assessing the various types of damages will be described in Section 7.
Material properties
Elastic properties
Modern wind turbine blades are three-dimensional structures made by the use of several different materials and the elastic properties and thermal-physical constants, such as thermal expansion coeffi cient, of materials infl uence the damage developed in a blade. As a result, the stress fi eld depends on the elastic properties of the materials used. For isotropic materials, the elastic properties are the Young's modulus, E , and the Poisson's ratio, n . Orthotropic materials, such as composite laminates with aligned continuous fi bers, have different elastic properties in different directions. Therefore, the elastic properties must be related to a coordinate system. It is convenient to use a global x -y -z coordinate system (see Fig. 2 ) and a local coordinate system that follows the direction of the fi bers. The longitudinal direction (the fi ber direction) is assigned the subscript L, the (in-plane) direction perpendicular to the longitudinal direction is called the transverse direction and given subscript T, and the out-of-plane direction, orthogonal to the L and T directions is denoted TT, i.e. T with a prime. Then, the elastic properties are specifi ed in terms of E L ,
where E i denotes the Young's modulus in the i -direction and n ij is the Poisson's ratio in direction j due to a normal stress in the i -direction, and G ij is the shear modulus in the i -j -plane. Table 2 lists some common materials used in wind turbine blades and their anisotropy classifi cation.
Strength and fracture toughness properties
Damage and failure modes are described by various parameters that may be stressbased, energy-based or length-based (e.g. critical defect length). A damage mode that involves a distributed damage zone is usually described in terms of a critical stress value, i.e. by a maximum stress criterion (tensile or compressive strength). Crack growth along a fracture plane is a localized phenomenon. The onset of crack growth can be described in terms of a maximum stress intensity factor (fracture toughness) or a maximum energy release rate (fracture energy). A crack experiencing fi ber bridging requires modeling of the bridging fi bers. This can be done by a cohesive law (a traction-separation law). The area under the traction-separation law is the work of separation. Table 1 lists parameters that are typically used to characterize common damage and failure modes. These concepts are applicable to static failure. A similar distinction can be made for cyclic damage evolution. A complete analysis that would involve the design against the failure modes listed in Table 1 will require the knowledge of all the relevant materials parameters.
A maximum stress criterion (or maximum strain criterion) can be used for materials that develop a damage zone (using appropriate safety factors, typically around 1.5-1.8). As an example, unidirectional fi ber composites, loaded in uniaxial tension in the fi ber direction, usually display a distributed damage zone during failure. Consequently, an appropriate strength measure is the tensile strength, Lu s + (here, subscript L indicates the longitudinal direction, subscript u indicates ultimate strength and superscript + indicates tension). Other failure modes that are usually characterized in terms of stress criteria are the compressive strength of fi ber composites loaded in the fi ber direction, Lu s − and the composite shear strength, t LTu . As for elastic properties (Section 5.1) the strength properties of an orthotropic material, such as a unidirectional fi ber composite, must be related to specifi c directions. The longitudinal direction is assigned the subscript L, the (in-plane) direction orthogonal to the longitudinal direction is called the transverse direction and given subscript T. For a unidirectional fi ber composite, the tensile strength in the fi ber direction, Lu s + , is usually much higher than the tensile strength perpendicular to the fi ber direction, Tu s + . Fracture by a single sharp crack is most often characterized by linear-elastic fracture mechanics concept such as fracture toughness (the critical stress intensity factor) or equivalently the fracture energy (the critical energy release rate G c ). The crack opening is described in 3 pure opening modes: Pure normal opening (Mode I), pure tangential crack opening/shearing (Mode II) and tearing (Mode III). The fracture toughness and fracture energy are material constants but are infl uenced by temperature, loading rate and environmental conditions such as humidity level. In homogenous materials, cracks tend to propagate under pure Mode I. Materials interfaces are usually weaker than the surrounding materials; therefore cracks tend to remain at interfaces. Therefore, the fracture energy, G c , of an interface between two dissimilar materials is a function of the mode mixity y , where the mode mixity, y , is defi ned from the complex stress intensity factor and a characteristic length scale, see [ 9 ] (in isotropic materials, pure normal crack opening displacement corresponds to y = 0°, whereas pure tangential opening corresponds to y = 90°). As noted earlier, the interaction of aerodynamic and gravity loading during blade rotation produces multiaxial loading in wind turbine blades, which results in mixed mode loading of interfaces and cracks. Thus, the fracture energy of interface cracks in wind turbine blades must be measured for various load cases, corresponding to different mode mixities that exist in a given cross section and along the blade length. This is the case for gelcoat/ laminate delamination, skin/core delamination, cracking along interfaces in adhesive joints and delamination of laminates. Because fracture energy is a material constant, it can be used for different geometries so long as the mode mixity is the same. As discussed later, this simplifi es the testing requirements.
The energy required for crack initiation is less than the energy required for crack propagation. Thus, the fracture energy of an interface is typically separated into the energy required for initiation and the energy required for further crack extension; however both values are strong functions of mode mixity.
As indicated in Fig. 5 , laminated fi ber composites can fail by delamination, which is a cracking mode that can involve fi ber bridging between the crack faces . If the fi ber composite develops a large scale fi ber bridging zone, it cannot be properly characterized by linear-elastic fracture mechanics. Instead, the mechanical behavior of a large scale fracture process zone can be characterized by non-linear fracture mechanics, in terms of the J integral [ 10 ] and a cohesive law [ 11 ] . A cohesive law is the relationship between the local crack opening, d , and the local stress, s , across the failure process zone. The cohesive stress is assumed to depend upon the local crack opening only, s = s ( d ). The cohesive stresses can be normal and shear stresses (mixed mode cohesive laws). Figure 6 illustrates the concepts of stress-strain and cohesive laws.
Materials testing methods
Because the cost of full-scale blade testing and certifi cation is signifi cant, various laboratory tests are being developed to better access the structural reliability of composite laminates and adhesive joints under conditions that simulate expected stress or strain states in the turbine blade. In this section, test methods that can be used for the measurement of relevant material properties are reviewed. The material properties that infl uence the damage development in a wind turbine blade can be divided into the elastic properties, the strength properties and fracture mechanics properties.
Test methods for strength determination
Different test methods are used for tensile and compressive strength determination. An overview of common test methods for strength measurements is given in Fig. 7 .
Tensile strength is determined by uniaxial tensile tests [ 12 , 13 ] . Tensile test specimens are usually long, straight-sided or have a narrow gauge section (dog-bone shape) to ensure that failure develops in the gauge section region where the stress fi eld is uniform. Bending tests can sometimes be used to estimate tensile strength [ 14 , 15 ] ; but bending failure can also occur by shear or compression failure and the failure mode and test results must be carefully analyzed. Moreover, because of the non-linear stress state developed in bending, the initiation of damage on one side of a specimen will result in a shift of the neutral axis of the specimen which further complicates interpretation of test results. Therefore, tensile tests which provide a uniform volume of stressed material are preferred in order to avoid invalid determination of tensile strength.
Specimens for compressive failure are short in order to avoid buckling of the specimen [ 16 ] . Unfortunately, the stress fi eld is not uniform in the specimens and speci mens frequently fail away from the gauge section. In an effort to improve the accuracy of compressive testing, various approaches have been developed to reduce bending and transverse loading. In a test compressive test fi xture designed by Bech et al . [ 17 ] , hemispherical bearings are used to reduce transverse loading bending strains during compressive loading. The test fi xture provides more accurate (a) (b) Figure 6 : Schematic illustration of (a) stress-strain behavior, which describes the continuum response up to the peak stress, ŝ (onset of localization) and (b) behavior after localization which is described in terms of a traction-separation relationship called a cohesive law. measurements of compressive stress-strain behavior for both monotonic and fatigue loading of composites. The shear strength of composite laminates can be measured by the use of a short beam subjected to three-point bending [ 18 ] or by the Iosipescu shear test [ 19 ] . Again, the test results must be carefully analyzed and the failure mode documented since tensile failure can occur prior to shear failure for laminates that possess a high shear strength. For sandwich structures, shear testing is commonly performed using a rail shear approach [ 20 ].
Test methods for determination of fracture mechanics properties
Fracture properties are determined from tests of specimens having an artifi cial crack in the form of a pre-cut notch or a thin slip foil (e.g. by use of Tefl on between interfaces) introduced during specimen manufacture. However, a machined or artifi cial notch is not as sharp as a real crack. Thus, as discussed later, test methods that allow the initiation and arrest of cracking are preferred, since they enable the fracture properties to be determined from a truly sharp crack. An overview of commonly used specimen geometries for fracture mechanics-based testing of composite interfaces is given in Fig. 8 .
First, methods for determination of the fracture energy of elastically isotropic materials are reviewed. The Mode I (pure normal opening) fracture properties of isotropic materials are often determined from the compact tension (CT) specimen. For thin (isotropic and orthotropic) laminated structures manufactured with the same material layers, such as composites and sandwich structures, double cantilever beam (DCB) specimens loaded with wedge forces are commonly employed, both for static and cyclic crack growth [ 21 ] . For both these specimens the energy release rate depends on the crack length; for the determination of the energy release rate, the crack length must thus be measured experimentally and correlated with the applied force.
To determine the Mode II fracture energy of composites (pure tangential crack opening displacements) the end-notched specimen (ENS) is commonly used [ 22 ] . The ENS specimen is loaded by compressive forces; part of the applied force is transmitted from one beam to the other by contact between the beams. However, this method does not provide stable crack growth, so the value of the fracture energy may be overestimated due to crack initiation and due to friction between the crack faces.
A mixed mode bending (MMB) specimen, also loaded by transverse forces, was proposed by Reeder and Crews [ 23 ] . The MMB specimen allows the entire range of mode mixities, from pure mode I to pure mode II, for the same specimen geometry. The energy release rate depends on the crack length. For Mode II dominated loading the crack propagation can be unstable. As shown in Fig. 8 , another approach is to load DCB specimens with uneven bending moments (DCB-UBM) [ 24 , 25 ] . For the DCB-UBM specimen confi guration, the energy release rate is independent of crack length and stable crack growth occurs for all mode mixities making the specimen well suited for measuring the interface fracture behavior of various materials, including laminates and sandwich structures.
For large-scale bridging problems, such as cracking with cross-over bridging, it is of relevance to determine cohesive laws which can be used to describe the mechanical response of the bridging zone and thus represents large-scale bridging
Figure 8: Overview of fracture mechanics test methods: (a) CT specimen, (b) DCB specimen loaded by wedge forces, (c) thin fi lm on a substrate loaded in tension or bending (d), (e) the peel test; (f) DCB sandwich specimens loaded with pure bending moments, (g) the end lap shear (ENS), (h) the MMB specimen, and (i) the DCB loaded with uneven bending moments (DCB-UBM).
www.witpress.com, ISSN 1755-8336 (on-line) in models. Few direct measurement methods exist. For pure mode I, the cohesive law can be determined by direct tension tests [ 26 ] . Another method is to determine the bridging stresses from the crack opening profi le [ 27 ] . Yet another method is to derive the bridging law from the J integral [ 28 ] . In that respect a DCB specimen loaded with pure bending moments is preferred [ 29 ] , since the J integral can be expressed in closed analytical form [ 11 ] . Figure 9 shows a typical example of the dependency of the fracture energy on mode mixity for a unidirectional glass fi ber composite laminate; the testing was conducted using the DCB-UBM specimen [ 30 ] . The initiation fracture energy increases signifi cantly with increasing mode mixity (increasing amount of tangential crack opening displacement).
Very few studies address the determination of mixed mode cohesive laws. In some studies, only pure mode I and mode II cohesive laws are determined from pure mode I and mode II tests and treat them as independent cohesive laws [ 31 , 32 ] . A more recent approach is to obtain mixed mode cohesive laws from results of a DCB-UBM specimen. For this specimen and loading confi guration, the J integral is obtained in closed form even in the case of large-scale bridging. With the closed-form solution for the J integral, cohesive laws can be obtained by partial differentiation of the J integral with respect to the end-opening and end-sliding displacements of the crack [ 30 , 33 ] . Mode Mixity, ψ (degrees) Figure 9 : Initial interface fracture energy as a function of mode mixity for interlaminar cracking of a unidirectional glass fi ber/polyester composite [ 30 ] . A mode mixity of 0° corresponds to a crack opening displacement normal to the cracking plane and a mode mixity of 90° corresponds to tangential crack opening displacements. Testing of thin surface layers, such as gelcoats on wind turbine blades, offers special challenges, since standard fracture mechanics test methods cannot be applied. The determination of the fracture energy of a gelcoat can be determined by tensile [ 34 ] or bending experiments based on the concept of steady-state cracking of a channeling crack [ 35 , 36 ] . The peel test can be used for measuring the fracture energy of the interfaced between a gelcoat and a substrate [ 37 ] ; however, large-scale plasticity in the gelcoat may lead to erroneous results if this is not accounted for [ 38 ] . Alternatively, a DCB sandwich specimen can be made by bonding an additional beam onto the gelcoat attached to a substrate.
Failure under cyclic loads
Test methods used under static loads can in many cases also be used for the study of fatigue damage evolution. In some cases, however, special requirements mean that special concerns have to be accounted for in the selection of test specimens. Moreover, the data collection, the data analysis and materials properties used for describing fatigue are different from those used to describe strength properties under static loading.
Under cyclic loading, it is useful to distinguish between failure due to a damage zone and failure due to crack growth. For materials that fail by a damage zone, such as a unidirectional fi ber reinforced composite loaded in the fi ber direction, the life under cyclic loading can be described by a so-called S-N curve, which is the relationship between the maximum applied stress, s max , and the number of cycles to failure, N f . A schematics of an S-N curve is given in Fig. 10 . The application of S-N data in design is straightforward. For example, assume that a component should be designed such that it safely survives a given number of load cycles. Then, from the S-N curve one reads off the maximum applied stress, s max , corresponding to that number of cycles. The S-N curve depends on the minimum applied stress, s min ; usually expressed in terms of the R -ratio, which is R = s min / s max . The approach can refi ned to predict for a small fraction, say 1/1000 of failed specimens (instead of the average fatigue life) and to account for different maximum load (load spectrums), e.g. by the use of the Palmer-Miners rule [ 39 ] .
S-N curves for tension-tension and compression-compression testing of glass-epoxy unidirectional laminates for the spar beam for wind turbine blades are shown in Figs 11 and 12 . The data are from the Optidat database [ 40 ] . The measured fatigue data are evaluated according to ASTM E739, and the 50% median line and the lower 95% confi dence limit are shown in these diagrams. The statistical 95% lower confi dence limits based on the 95% survival line for the Siemens Wind Power shell materials is also shown in the fi gure. This analysis is based on the work by DNV [ 41 ] . The fatigue lifetime depends on both the applied amplitude and the applied mean value and can be presented in other useful graphs [ 42 ] .
Of particular importance is whether or not an endurance fatigue limit exists for a material. A fatigue limit implies that a stress limit exists, such that if the material is never loaded beyond this value, fl s , then the material will never fail due to fatigue. In addition to buckling and failure due to static overload, perhaps the most important mode of damage that needs to be addressed in design is the cyclic growth Lower 95% confi. Figure 11 : S-N curve for tension-tension fatigue of a glass fi ber/epoxy composite [ 40 ] . /d N ) and maximum applied energy release rate, G max for cyclic crack growth. A threshold value, G t h , often exists, below which no crack growth is assumed to occur. As G max approaches the fracture energy, G Ic , the crack growth rate increases asymptotically. In between these regimes, the crack growth rate can be described in terms of the Paris-Erdogan relationship. 
where a is the crack size, N is the number of cycles, A and n are the fi tting parameters. The crack growth rate, d a /d N can be understood as the crack extension per load cycle and has the units mm/cycle. As an example, results from cyclic crack growth experiments are shown in Fig. 14  [ 44 ] . The results are obtained from tests of DCB specimens loaded with wedge forces under constant load amplitudes. For this specimen confi guration, the range of the energy release rate increases with increasing crack length. Thus, a single test gives data for the crack growth rate under various values of Δ G . A curve-fi t, based on the Paris-Erdogan relation (1), is shown as a solid line in the fi gure.
For materials experiencing large-scale bridging under cyclic crack growth, the situation is more complicated. As the crack tip advances, a large-scale bridging zone develops. The bridging stresses restrain the crack opening, leading to a decreasing crack growth rate [ 45 ] . However, the cohesive laws that operate under cyclic loading are likely to be different from those present under monotonic crack opening. Thus, the cohesive laws should be characterized as a function of the number of cycles. Precisely how this should be done is not quite clear, although a few ideas have been developed [45] [46] [47] . A more thorough description of the overall design of wind turbines for various onshore and offshore applications can be found in the DNV/Risø guidelines [ 48 ] and in other chapters of this book. Some designs are constructed with a load-carrying box girder (main spar) that supports the outer aeroshell as shown in Fig. 2 , which illustrates a typical structural layout for a wind turbine blade with a load-carrying girder. The purpose of the box girder is to give the blade suffi cient strength and stiffness, both globally and locally. Globally, the blade should be suffi ciently stiff in order not to collide with the tower under all types of loading. Locally, the webs, together with the stiffness of the outer shell, ensure that the shape of the aerodynamic profi le is maintained.
The box girder or the webs usually extend from the root of the blade to a position close to the tip. The load-carrying fl ange of the box girder, sometimes called the cap, is usually a single skin construction (i.e. consisting of a single thick laminate, with most of the fi bers aligned along the blade length, i.e. the z -direction, see Fig. 2 ). The webs are usually quite thin sandwich structures; the main purpose of these is to take the shear loads of the blade. The proper design of the blade requires careful analysis. For example, geometrical non-linear effects can result in higher than expected loading of the webs which may result in blade failure at a stress level that is much lower than predicted when the design is based on linear calculations. The design should ensure that the failure criteria discussed in the previous section are not exceeded anywhere in the blade during regular and extreme load situations. This section presents an overview of modeling tools used to predict the static and dynamic behavior of wind turbine blades and to determine the stress and strain distribution within a blade.
Beam models
The global defl ection of wind turbine blades, Eigen frequencies and other global behavior can in general be analyzed with good accuracy by use of beam models. However, if greater accuracy is needed or more locally structural phenomena need to be analyzed, more detailed shell and/or solid FE models must be used.
The idea of a beam model is to describe the cross section properties in terms of suitable coeffi cients, such as area, moment of inertia, torsional stiffness, etc. The behavior of the beam is then described entirely in terms of one-dimensional functions, such as axial and transverse displacement and torsion. In order for such a theory to give an accurate representation of the actual behavior of a wind turbine blade, it is important that the description of the cross section parameters contain all the relevant information. This includes stiffness parameters, the center of mass, the elastic center and the center of torsion. For a typical wind turbine blade these three centers will be located fairly close to each other, but are not coincident.
While the basic properties of cylindrical beams date back to the late 19th century, consistent theories accounting for cross section variation, pre-twist of the blade www.witpress.com, ISSN 1755-8336 (on-line) and material anisotropy are much more recent and theories describing these features are not yet fully developed.
An important non-linear large-defl ection effect is called the Brazier effect [ 49 ]. The Brazier effect is a non-linear effect resulting from curvature when bending a beam or a slender structure. Because of the curvature the longitudinal compressive and tensile stresses result in transverse stresses towards the neutral plane of the beam. This causes fl attening of a hollow cylinder or suck-in deformation or a hollow box. This then result in reduction of the bending stiffness of the section.
A fully consistent representation including the three centers has been given e.g. by Krenk and co-workers [50] [51] [52] . This theory incorporates the effect of pretwist in the form a geometric coupling of extension and twist [ 52 ] . A numerical procedure was developed for the parameters of a moderately thin-walled cell cross section often used for wind turbine blades [ 53 ] . A further development of these principles has been carried out later under the name of Variational Asymptotical Beam Section Analysis (VABS) by Hodges [ 54 ] . In this method, a beam with arbitrary cross sections consisting of different materials can be analyzed by a one-dimensional beam theory. The method provides a simply way to characterize strain in an initial curved and twisted beam and all components of cross sectional strain and stress can be accurately recovered from the one-dimensional beam analysis.
FE models
In FE analysis a structure is modeled with a fi nite number of discrete elements represented by some element nodes in which the elements are connected. Because of the blade size, and lack of symmetry, most published research on wind turbine blade design using FE analysis is done using relatively coarse meshes.
A comparison between a geometrically non-linear FE analysis and full-scale blade testing has been investigated by Jensen et al . [ 8 ] . In their experiments, a 34 m glass fi ber PMC blade was statically loaded to catastrophic failure. Strong nonlinearities in various blade responses were found. The Brazier effect was found to dominate in the inner part of the blade. The relative defl ection of the box girder cap was measured during the experiments and compared with linear and non-linear FE analysis (see Fig. 15 ). The linear analysis was not capable of predicting these relative cap defl ections, in particular at high loads. The non-linear analysis provided reasonable agreement with experimental measurements. It is clear from this that non-linear FE analysis is required for certain aspects of blade design.
The most common types of FE models used for the structural design of wind turbine blades are:
Outer surface shell model -using shell element offset • Mid-thickness shell model • Combined shell/solid model • The application of these various models is described below.
The outer surface model of a blade is a shell model based on shell elements that are located on the physical outer surface of the aerodynamic shell. This approach is convenient since the outer surface is often specifi ed from aerodynamical purposes. The material is then offset inwards in order to locate it at the correct physical position, see Fig. 16 . This type of model is typically used for the practical design of wind turbine blades today.
The mid-thickness model is also created from the geometry of the aerodynamic shell. However, here the shell elements are located at the mid-plane for the different parts of the cross section. The different material thicknesses in the cross section imply that the FE shell will not have a continuous surface like the outer surface www.witpress.com, ISSN 1755-8336 (on-line) model. The discontinuous surfaces are connected by rigid (fi xed) elements. These rigid elements are capable of transferring all displacements and rotations from one node to another without deforming.
The combined shell/solid model is a combined shell/solid model constructed based on the following surfaces representing the blade section: Fig. 17 . The combined shell/solid model provides the highest degree of accuracy.
Limitations with shell models
A number of studies have shown that there is limited correlation between the torsional response obtained by numerical structural models and measurements. Madsen [ 55 ] compared the responses of a beam model and a shell FE model. Poor correlation was found for predictions of torsional Eigen frequency and Eigen mode. Larsen [ 56 ] compared the response of the numerical models from Madsen [ 55 ] with a number of measured modal modes; the correlation related to torsional response was limited especially for the higher torsional modes. In predicting torsional behavior, problems associated with the use of offset nodes for layered shell elements in FE analysis has also been reported by Laird et al . [ 57 ] . Branner et al . [ 58 ] recently investigated how well different FE modeling techniques can predict bending and torsion behavior of a wind turbine blade. The results from the numerical investigations were directly compared with measurements obtained from experimental testing of a section of a full-scale wind turbine blade. Torsional testing was performed by locking the tip cross section in a point directly over the center of the box girder (see Fig. 18 ). This point is fi xed, but the cross section can rotate around the z -axis and translate in the horizontal ( x -z ) plane, since the vertical bar, indicated in Fig. 18 , is able to rotate in both ends. The movement in the horizontal plane is not entirely free since the movement is restricted to a circular arc. The numerical and experimental results are in shown in Fig. 19 . Fig. 18 ) is shown as a function of the distance from the root, z . The experimental results are shown as points and the model predictions for various FE models are shown as lines [ 58 ] .
The twist angle predicted by the outer surface shell model deviates from the experimental values by as much as 32% near the loaded end of the blade section (see Fig. 19 ). The major reason for this disagreement is the offset confi guration of the shell elements. As also found by Laird et al . [ 57 ] , this confi guration has serious problems modeling correct torsional behavior. In contrast, it was found that the outer surface shell FE model can accurately predict fl apwise bending response and, to a reasonable degree, accurate edgewise bending response [ 58 ] .
Mid-thickness FE models are generally not capable of modeling accurate fl apwise and edgewise bending when the model includes details like ply-drops in the spar cap [ 58 ] . Using rigid elements to connect regions with different material thickness can therefore not in general be recommended.
Finally, by comparing results from experiments with the global displacements and rotations for the combined shell/solid FE models, it can be concluded that the shell/solid model provides good accuracy for predicting fl apwise, edgewise and torsional behavior. Also, by comparing results from the shell/solid model of the modifi ed blade section with experiments, it has been shown that this FE model type can also be used to model bend-twist coupling [ 58 ] . These studies will continue in order to develop more understanding regarding why shell models with material offsets have problems with modeling the torsional behavior.
The combined shell/solid model is more detailed and accurate than the other two shell models but degrees of freedom needed for the combined shell/solid model is also considerable larger and therefore more time consuming to analyze.
Models of specifi c failure modes
Criteria for laminate failure
Stress-or strain-based criteria are widely used for prediction damage and fracture of individual laminas in laminated structures [ 59 ] . Such criteria are easy to use in connection with numerical modeling of wind turbine blades, since the stress (or strain) is usually calculated as a part of the analysis. Denote the in-plane stresses as follows: s L is the normal stress acting in the fi ber direction (the L direction defi ned in Section 5.1), s T is the normal stress acting perpendicular to the fi ber direction (the T direction) and t LT is the in-plane shear stress.
The simplest type of stress-based criteria assumes that failure is governed by one stress component. Thus the criterion for tensile failure in the fi ber direction
where Lu s + is the tensile strength when the material is loaded in uniaxial tension along the fi bers (the longitudinal direction), as described in Section 5. The criterion for tensile failure perpendicular to the fi ber direction is ( s T > 0):
and the criterion for compression failure perpendicular to the fi ber direction ( s T < 0) is:
while the criterion for shear failure is
More advanced failure criteria account for the multiaxial stress state that is usually present in laminated composites. A popular criterion is the so-called Tsai-Hill criterion, which is a generalization of an orthotropic yield criterion form metallic materials. It can be written as (assuming s L > 0 and 
The Tsai-Hill criterion provides a single function for the prediction of failure, but it does not give any prediction of the failure mode . Other criteria are, like the simple maximum stress criteria described above, are split after various failure mode. One such example is the Hashin criteria [ 60 ], which is split into two criteria, which enables the distinction between failure that involves fi ber failure (fracture in a plan perpendicular to the fi ber direction) and matrix failure (failure along planes parallel to the fi ber direction). The criterion for fi ber failure is (
and the criterion for fi ber failure under axial compression (
Tensile failure in the matrix is predicted from ( s T > 0): The cracking of a 90° ply due to a tensile stress in the layer deserves more comments. For thin layers, where the fl aw size is comparable to the layer thickness, a 90° layer can form transverse cracks (sometimes also called tunneling cracks). That is a cracking mode where the 90° layer develops a crack that spans the layer thickness and runs across the laminate parallel to the fi ber direction. This is a steady-state problem: when the crack length is a few times the layer thickness, the energy release rate takes a constant value independent of the crack length. A stress criterion for the stress level in the 90° layer at which a tunneling crack can propagate in the 90° layer is [62] [63] [64] :
where E 22 is the Young's modulus in the directions perpendicular to the fi ber direction, G Ic is the Mode I fracture energy of the 90° layer and h is the thickness of the 90° layer undergoing tunneling cracking, and f is a dimensionless parameter (of the order of unity) that depends on the elastic properties of the lamina and the surrounding layers. From (11) it follows that, for fi xed material properties, the stress level at which tunneling cracking can occur decreases with increasing h . Conversely, tunneling cracking can be suppressed by decreasing the layer thickness. The development of a tunneling crack unloads the 90° ply only in the vicinity of the crack. Remote from the crack, the stress fi eld is unaffected; the stress fulfi ls the criterion (11), so that anther tunneling crack can propagate. This leads to a characteristic damage state called multiple cracking, consisting of tunneling cracks developing with fairly regularly even crack spacing. For cyclic loading, similar criteria can be used; the only modifi cation is that the stress value corresponding to the failure life or the fatigue limit is used instead of the monotonic strength values.
Delamination of composites
Delamination is fracture along the interface between different layers. As mention, delamination can be analyzed by linear-elastic fracture mechanics concepts. The criterion for crack propagation is
where G is the energy release rate and G c is the fracture energy. The fracture energy is a material property that can be measured by fracture mechanics testing as described in Section 6.2. The energy release rate must be calculated for the given structure, accounting for the elastic properties, the geometry (including crack size) and applied loads. For cyclic crack growth, the aim is to determine how fast a crack can propagate during cyclic loading and to estimate the number of load cycles that remains before the blade fractures rapidly. The following procedure can be used for predicting the crack size as a function load cycles: First, the structure (a sub-structure or an entire blade) containing a crack is analyzed, e.g. by the use of a FE model. The model gives the energy release rate, G as a function of the applied load level. Next, using the Paris-Erdogan relation, eqn (1), the crack growth rate can be calculated. The crack growth rate is then used to estimate the size of the crack after some, say 1000 cycles. The structure is analyzed again with the new, larger crack size, and a new crack growth rate is calculated, etc. This is repeated until the calculated energy release rate equals the fracture energy; this corresponds to rapid crack propagation. By summing the number of load cycles, the reminder fatigue life can be calculated.
Buckling-driven delamination is a particular type of delamination fracture. Buckling-driven delamination can occur in laminates and sandwich structures used for blade aeroshells and load-carrying girders. The compressive stresses during operation of a wind turbine can drive a stable or unstable delamination. The overall structural strength will usually be reduced by the presence of delaminations [ 65 , 66 ] . In general, there are two macroscopic buckling modes observed for compressively loaded panels that contain delaminations: local buckling and global buckling ( Fig. 20 ) .
When a panel with a delamination is subjected to compressive loading, the plies on one side of the delamination may buckle. This buckling will then introduce bending in the remaining plies on the other side of the delamination. The remaining plies will then be subjected to both bending and the compressive loading resulting in higher stresses than observed without the delamination [ 66 , 67 ] . This type of buckling is referred to as a local buckling mode and will typically occur when the delamination is large and close to one of the surfaces.
When a delamination is small and deep within the laminate, compressive loading can cause global buckling, where the plies buckle in one direction (i.e. on the same side of the panel).
Buckling-driven delamination growth can only take place when two criteria are fulfi lled: (1) the transverse constraint is suffi ciently low that a layer adjacent to the delamination is able to displace in a transverse direction and (2) the energy release rate equals the fracture energy of the interface. To illustrate this, consider delamination of a thin layer of a thick beam. An approximate value for the energy release rate can be calculated by an Euler model, assuming clamped ends. For a long delamination, the energy release rate approaches a value given by [ 9 ] :
where G is the energy release rate, s 1 is the critical stress in the layer that undergoes buckling-driven delamination (material #1), E 1 and v 1 are the Young's modulus and Poisson's ratio of material #1 and t is the thickness of the layer. Recall, that the criterion for delamination is G = G c , where G c is the fracture energy of the interface (at the appropriate mode mixity).
Note the effect of the thickness of the thin laminate, t . A thin laminate (small t ) -corresponding to a delamination lying close to the top of the original laminategives a low buckling stress. However, from (13) it is apparent that a small value of t gives a low energy release rate. Thus, if the delamination is positioned close to the surface (small t ), the delaminated laminate can easily buckle, but the delamination crack cannot propagate since the energy release rate is lower than the fracture energy. Conversely, if the original delamination is positioned deep in the laminate, then, from (13), the energy release rate is high and the delamination can propagate if the laminate can buckle. However, the stress to cause buckling increases with increasing t . It follows that a delamination positioned deep inside the laminate will not cause local buckling -the delamination cannot propagate. Thus, neither delaminations very close to the surface or very far away from the surface will grow. However, a certain range may exist where both the buckling criterion and the crack propagation criterion are fulfi lled. This simple argument illustrates that the delamination position through the thickness or a component such as a blade is of great importance when determining the impact that a delamination will have on blade failure. Additional details can be found in Karihaloo and Stang [ 69 ] .
Occasionally, delamination occurs with signifi cant crack bridging, viz., a zone behind the crack tip where fi bers connect the crack faces; this is denoted crossover bridging. Since this zone can be large, the use of linear-elastic fracture mechanics is invalid. Instead, the fracture resistance can be described in terms of the J integral and cohesive laws, representing the mechanical response of the bridging fi bers. An approach for determination of mixed mode cohesive laws by the use of DCB-UBM specimens and the J integral [ 33 ] was demonstrated by Sørensen and Jacobsen [ 30 ] .
Adhesive joints
Crack growth inside an adhesive layer can occur when the energy release rate equals the fracture energy of the adhesive. However, often cracking of adhesive joints occurs as interface fracture, since the crack is subjected to both normal and shear stresses at the crack tip (mixed mode cracking) so that the crack kinks to the adhesive/laminate interface. Often, the adhesive/laminate interface is the weakest plane. Therefore, the crack tends to remain at the interface for a wide range of mode mixities. Assuming that the fracture process zone remains small, an appropriate criterion for crack propagation is
where G is the energy release rate, y is the mode mixity and G c ( y ) is the fracture energy for the specifi c mode mixity. The criterion should be understood as follows: an analysis of a structure with a crack along an adhesive joint gives an energy release rate and a mode mixity value. Then, the appropriate fracture energy, corresponding to the determined mode mixity should be used. This is required since the fracture energy depends strongly on the mode mixity, as shown in Fig. 9 .
In case of a large scale fracture process zone, e.g. in the form of fi ber bridging, the appropriate material laws are the J integral and cohesive laws, as described above. An example of this will be given in Section 7.3.
Sandwich failure
Delamination crack growth in sandwich structures is another example of interface fracture. As described above, the appropriate cracking criterion for interface cracking is given by eqn (14). However, some core materials (e.g. low-density polymer foams) possess low fracture energy and the crack can kink into the core material.
Gelcoat/skin delamination
Delamination of the gelcoat is also interface cracking. Delamination of the gelcoat can be caused by residual stresses originating from the hardening of the gelcoat. As mentioned, the peel test ( Fig. 8e ) is frequently used for characterizing the interfacial fracture energy. Another useful test method is the DCB-UBM test confi guration. A sandwich DCB specimen can be made by gluing an addition beam onto the gelcoat layer. By changing the ratio between the applied moments, the mode mixity can be adjusted so that the crack does not kink out of the interface between the gelcoat and the skin (face sheet) layers, but remains at the interface.
Channeling cracking in the gelcoat
Typically, the cracking in the gelcoat takes place in the form of cracks that extends widely across the gelcoat layer, but the crack extends only to the depth of the gelcoat layer -it does not penetrate into the underlying laminate. This mode of cracking is denoted channeling cracking . Channeling cracking has been modeled by Nakamura and Kamath [ 36 ] who found that the energy release rate of a crack in a coating attains a steady-state value once the crack has extended a distance of a few times the coating thickness. The crack then propagates under a constant stress -therefore channeling cracks can spread widely across the gelcoat layer. We denote the Mode I fracture energy of the gelcoat with G 1c . The critical stress level below which no channeling cracking can occur is given by [ 35 ] : where g is a non-dimensional function that depends on the stiffness mismatch. From eqn (15) it is clear that the critical stress in the gelcoat, c 1ch
s , increases with decreasing t . In other words, channeling cracking can be suppressed by decreasing the thickness of the gelcoat layer.
Examples of sub-components with damage
It is of great importance to perform additional laboratory tests on larger, generic samples or on blade sub-components in order to validate the design strategy and design methods. The approach is fi rst to predict the strength characteristics of the sub-component using measured fracture properties, next manufacture and test the sub-component. Finally, the predicted and measured strength behaviors are compared. Such case studies can validate (or invalidate) the proposed design approach.
Failure of adhesive joints
The fi rst example concerns the strength of adhesively bonded joints for glass fi ber composites (see Fig. 21 ). As described in the previous section, the proper parameter for characterizing cracking of an adhesive joint in a wind turbine blade is the fracture toughness (or fracture energy) measured by mixed mode fracture mechanics testing. In the present example [ 70 ] , mixed mode fracture mechanics testing was conducted for an adhesive joint comprised of a polymer adhesive joining two beams made mixed mode values of the fracture resistance, J ss , determined from DCB specimens loaded with uneven bending moments, were used for prediction of the load-carrying capacity of medium size specimens, and compared with experimental results obtained from fl exural loading of 2 m long "medium size" beam specimens.
from glass fi ber composites typical of wind turbines. For the bonding of glass fi ber composites, the analysis is complicated by the development of large-scale bridging, which requires that the fracture resistance is characterized in terms of the J integral. For the medium size specimens, the fracture load takes a steady-state value, F ss , after some crack extension. Figure 22 shows the predicted steady-state fracture load, calculated from the steady-state fracture resistance data measured using DCB-UBM specimens as a function of the thickness ratio of the two beams. The measured steady-state strength values are superimposed as points. It is seen that there is a good agreement between the model predictions and experimental strength values of the medium scale specimens. The experimental results confi rm the trends of the model predictions with respect to the effect of the thickness ratio of the beams: reducing the thickness of the thin beams leads to a higher fracture load. Furthermore, the predicted uncertainty of the strength of the medium size specimens (due to the variation in the measured fracture resistance of the DCB-UBM specimens) is of the same magnitude as found experimentally. Thus, the strength scaling can be successfully achieved for large-scale bridging problems if the fracture resistance data are analyzed by the J integral.
Cyclic crack growth of adhesive joints
Building upon the work described in Section 7.3.1 [ 70 ] , Holmes et al. [ 71 ] investigated the cyclic crack growth behavior of adhesive joints in 1.2 m long medium size beam specimens subjected to four-point bending. For this specimen confi guration, a constant load amplitude gives a constant J amplitude, Δ J , even though the crack Figure 22 : The load-carrying capacity of adhesive/glass fi ber composite medium size specimens predicted using DCB-UBM data (solid line advances. Therefore, such specimen is well suited for crack growth studies involving large-scale bridging. It was found that single-cycle overloads of 20 and 30% did not signifi cantly affect the subsequent crack growth rate. Cycling under different values of Δ J gave difference crack growth rates. However, a given Δ J gave, after a series of lower amplitude load cycles, a lower crack growth rate than in the earlier stages of the experiment. This behavior is attributed to crack defl ection away from the adhesive/laminate interface into the laminate. A possible mechanism for the crack defl ection is the additional fi ber bridging which would increase the crack growth resistance along the crack path, resulting in crack defl ection away from the adhesive interface into the laminate. Investigations using cyclically loaded DCB-UBM specimens have also shown a decreasing crack growth rate during constant Δ J amplitude in glass fi ber laminates [ 72 ] .
Buckling-driven delamination of panels
In order to understand the effect of delamination on the compressive behavior of laminated composite materials used in wind turbine blades, it is instructive to examine recent results from compression tests performed on composite and sandwich panels. Short et al . [ 68 ] tested glass fi ber reinforced polymer specimens containing artifi cial delaminations of various size and depth. Good agreement between FE predictions and experimental measurements were found for the entire range of delamination geometries that were tested. FE and simple closed-form models were also developed for delaminated panels with isotropic properties. This enabled a study of the effect of delamination geometry on compressive failure without the complicating effects of orthotropic material properties. A buckling mode map, allowing the buckling mode to be predicted for any combination of delamination size and through-thickness position was developed and is shown in Fig. 23 . The results of this study can be used to derive a graph of non-dimensional failure load versus non-dimensional failure stress as shown in Fig. 24 . Nilsson et al . [ 73 ] made a numerical and experimental investigation of bucklingdriven delamination and growth in carbon fi ber/epoxy panels with an implanted artifi cial delamination. The average maximum load for the delaminated panels was approximately 10% lower than the maximum load for the undelaminated panels. The maximum load was found to be almost unaffected by delamination depth. The experimental results as well as the numerical analyses showed a strong interaction between delamination growth and global buckling load for all delamination depths. Delamination growth initiated at or slightly below the global buckling load in all specimens. In all tests, the delaminations grew more or less symmetrically and perpendicular to the direction of load. At the maximum load, the crack growth rate increased sharply. It was concluded [ 73 ] that structures where delaminations are likely to occur should be designed against the possibility of global buckling.
For wind turbine blades, delaminations will likely be present along curved surfaces. The effect of curvature on the failure load of laminates containing delaminations was studied experimentally [ 74 ] . Tests on fl at and curved GFRP specimens with delaminations between plies showed that the failure load for fl at specimens was the same as or higher than that for curved specimens. As shown in Fig. 25 , the failure load was dependent on the size and through-thickness position of the delamination. The curved laminates exhibited an asymmetry of failure load with the through-thickness position of the delamination; when both delaminations were at the same depth, it was observed that a delamination located near the outer radius gave a greater strength reduction than a delamination near the inner radius. Damage resulting from impacts may consist of multiple delaminations. As would be expected, depending upon size, multiple delaminations cause greater strength reduction than a single delamination. To determine structural integrity, is therefore of interest to understand how the geometric distribution in multiple delaminations affects strength reduction in laminates. Wang et al . [ 75 ] studied fl at glass fi ber reinforced plastic specimens containing a single or two embedded delaminations. With reference to Fig. 26 , they found that that the maximum reduction in Figure 25 : Comparison of failure loads for the compressive buckling of fl at and curved laminates as a function of through-thickness position for 15 and 25 mm 2 delamination in square plates (width 40 mm) [74] . strength for two delaminations occurred when the delaminations split the laminate into sub-laminates of similar thickness.
Modeling of a full main spar to determine the webs infl uence on ultimate strength
The deformation and strength of a box girder used as a spar in a 34 m wind turbine blade was examined by Branner et al . [ 76 ] . The study also examined the effect of sandwich core properties on ultimate strength of the box girder. In Fig. 27 , the transverse (vertical or 90°) strains for both faces of the sandwich web are compared with both linear and non-linear FE analysis. The strains presented in Fig. 27 are measured on the upper part of the web towards the leading edge at the position where the failure was observed (also indicated in the fi gure). The longitudinal normal strains (in the z -direction) caused by bending of the box girder lead to associated strains in the transverse direction (the y -direction) due to the Poisson's Initially, the transverse strain increased linearly with load, see Fig. 27 . However, as the load increases, the strains become non-linear with respect to applied load and it is noted that the graphs defl ect towards compressive strains. The difference between the linear and the non-linear results is, at least in part, caused by the Brazier effect. The crushing pressure (that is the transverse stresses due to curvature described in Section 7.1.2) is fl attening the cross section and introduces compressive strains into the shear webs. This crushing pressure varies with the square of the applied load as found by Brazier [ 49 ] , resulting in the noted deviation from linear responses. The fl attening of the cross section will probably initiate buckling which accelerates the failure evolution. Other non-linear phenomena, such as changes in geometry and loading confi guration (which follows the geometry in the non-linear analysis), will also contribute to the observed nonlinearities. For further discussion of this see Jensen et al . [ 77 ] .
In the study in Branner et al . [ 76 ] , it was found that the corner stiffness greatly infl uence the overall non-linear behavior of the box girder. The webs take a larger part of the overall cross section deformation when the corners are stiff. It is seen from the stiff corner models, that the core density have some infl uence on the ultimate strength. In contrast, the soft corner models show that the core density has almost no infl uence on the ultimate strength. The ultimate strength of a box girder was also studied experimentally and numerically [ 78 ] . It was found that for the shear webs, failure was initiated by shear failure of the core (see Fig. 27 ). Kühlmeier [ 79 ] worked with buckling of wind turbine blades in his PhD thesis. In Kühlmeier et al . [ 80 ] , a 9 m long airfoil blade section, designed to fail in buckling, was build and tested destructively in a four-point bending confi guration. Based on numerical analysis, it was found that a linear buckling analysis will over-predict the ultimate strength of the blade. How much the strength is over-predicted depends on the size of the imperfections present in the blade and the sensitivity of the structure with respect to the imperfections. It was suggested that a bifurcation buckling analysis with a knockdown factor applied on the buckling load will give a good estimate on the ultimate strength of the blade. The value of the knockdown factor will depend on the size of the imperfections as well as the imperfection sensitivity. For the 9 m blade section a factor of 1.25 was found to assess the ultimate strength of the blade.
Testing of long sections of a main spar to determine buckling behavior
Full wind turbine blade models with damage
Overgaard and Lund [ 81 ] analyzed the full-scale blade collapse described in Section 4 [ 2 ] . A geometrically non-linear and linear pre-buckling analysis was performed for predicting the failure of the blade due to local buckling on the suction side of the airfoil. The geometrical imperfection sensitivity of the blade was evaluated by imposing the strain gauge measurement for the full-scale experiment as an imperfection pattern. Figure 28 displays the response of the obtained imperfection amplitude where the 23% amplitude model fi ts the best of the evaluated models. It is seen that the imposed imperfection pattern is directly proportional with the longitudinal strain measured in the strain gauges [ 82 ] . An important discovery is that the buckling shape is unaffected by the presence of geometrical imperfections, www.witpress.com, ISSN 1755-8336 (on-line) but the local strain at the maximum geometric imperfection amplitude is linearly depending on the imperfection amplitude. The epic centre of the buckling shape mode is at the core and fl ange material transition, but the structural collapse of the structure is at the geometric imperfection amplitude.
The advantages of applying a sandwich construction, as opposed to traditional a single skin laminate, in the fl anges of a load-carrying box girder, was studied by Berggreen et al . [ 83 ] for a future, very large, 180 m wind turbine rotor. The study showed that buckling by far is the governing criterion for the single skin design. A signifi cant weight reduction by more than 20% and an increased buckling capacity was obtained with the sandwich construction in comparison with the traditional single skin composites. However, introducing a sandwich construction in the fl ange was found to result in a globally more fl exible structure, making tower clearance the critical criterion. Overgaard and Lund [ 84 , 85 ] simulated the full-scale blade test till failure [ 2 ] by FE analysis using a cohesive zone modeling. A mixed mode bilinear cohesive law was used. The combination of a relative coarse mesh and the use of constitutive laws with softening leads to severe solution diffi culties, and therefore an effi cient and robust solution strategy for dealing with large three-dimensional structures was implemented.
Imperfection Amplitudes and Flapwise Test Results
Geometric Imperfection Sensitivity
This work shows that it is possible to predict structural behavior of a wind turbine blade based on non-linear fracture mechanics in a geometrically non-linear framework, i.e. account for buckling and delamination interaction (see Fig. 29 ). The numerical damage predictions were compared with a fl apwise static test result. The damage simulation displayed strong geometric and material instability interaction which indeed caused a progressive collapse of the wind turbine blade as seen in the full-scale experiment [ 2 , 82 ] . According to the model, the critical buckling load of the blade triggered a delamination at the corner and in middle of the fl ange at the point of infl ection of the buckling pattern. This started a progressive chain of events that lead to a structural collapse of the complete wind turbine blade.
Perspectives and concluding remarks
This chapter has presented an overview of blade materials, blade design and testing methods. With more knowledge evolving, the blade design will be made more accurately and safety factors may be reduced. However, safety factors should only be reduced if quality control and damage assessment methods are improved. The reduction of safety factors could lead to an increasing amount of damage evolution in wind turbine blades in service. The safely level can nevertheless be maintained or increased if structural health monitoring (SHM) techniques are used. The perspective is that the turbine blades will be equipped with a suffi cient amount of sensors that enables the detection of damages with high fi delity. The extra costs of the SHM sensors and systems may be less than the cost savings by skipping the regular service inspection, at least for large offshore wind turbines, where access is diffi cult and costly. The potentially earlier detection of damage by SHM will give the owner of the wind turbine the possibility to inspect, repair or replace the blades before the damages become serious. The cost savings come mainly from the fact that the vast majority of the blades are not expected to develop signifi cant damages; with the use of SHM, these blades would not require any manual inspection. From a knowledge point of view, it is envisioned that the future developments is towards a better understanding of the damage evolution at a smaller length scales, leading to a better, more complete and more fundamental understanding of the damage evolution in composite structures. This opens the possibility for the development of larger and better, more damage tolerant materials.
